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qPCRInfections by the endosymbiotic bacterium Wolbachia developed a rapid global expansion within Old
World Drosophila species, ultimately infecting also Neotropical species. In this sense, screenings are nec-
essary to characterize new variants of Wolbachia or new hosts, and also in order to map the dynamics of
already known infections. In this paper, we performed a double screening approach that combined Dot-
blot and PCR techniques in order to reevaluate the infection status byWolbachia in species from the willi-
stoni subgroup of Drosophila. Genomic DNA from isofemale lines descendent from females collected in the
Amazonian Rainforest (n = 91) were submitted to Dot-blot, and were positive for Wolbachia, producing a
gradient of hybridization signals, suggesting different infection levels, which was further conﬁrmed
through quantitative PCR. Samples with a strong signal in the Dot-blot easily ampliﬁed in the wsp-
PCR, unlike most of the samples with a medium to weak signal. It was possible to molecularly character-
ize three Drosophila equinoxialis isofemale lines that were found to be infected in a low density by a
wMel-like Wolbachia strain, which was also veriﬁed in a laboratory line of Drosophila paulistorum
Amazonian. We also found Drosophila tropicalis to be infected with the wAu strain and a Drosophila
paulistorum Andean-Brazilian semispecies laboratory line to be infected with a wAu-like Wolbachia.
Moreover, we observed that all Drosophila willistoni samples tested with the VNTR-141 marker harbor
the sameWolbachia variant, wWil, either in populations from the South or the North of Brazil. Horizontal
transfer events involving species of Old World immigrants and Neotropical species of the willistoni
subgroup are discussed.
 2013 Elsevier B.V. All rights reserved.1. Introduction
Since the acceptance of the endosymbiotic theory (Sagan,
1967), symbiosis has been seen as a fundamental event in the his-
tory of life on Earth, improving biological systems complexity and
impacting their evolution. In the recent evolutionary history, Wol-
bachia pipientis, a symbiotic bacterium that performs an obligatory
intracellular behavior, is a great example of such manipulation. It
belongs to the a-proteobacterial group, the same as the ancestor
of mitochondria (Gray et al., 2001), and infects a broad range of
invertebrates, from ﬁlarial nematodes to most of the main arthro-pod groups (Hilgenboecker et al., 2008). Wolbachia is vertically
transmitted as a maternal inheritance through the egg cytoplasm,
but it can also be horizontally transmitted, via direct tissue contact
between the agents or through a vector (Rozhok et al., 2011).
This endosymbiont is also known for its capacity to manipulate
the host’s reproduction in order to increase the frequency of in-
fected females in the population. In the genus Drosophila, Wolba-
chia is able to induce two reproductive parasitism phenotypes:
male killing or cytoplasmic incompatibility (CI). Male killing is
clear by the observed sexual rate distortion, and it generates a relo-
cation of male resources to its female siblings, thus, increasing in-
fected female adaptation (Clark, 2007). The CI phenotype enhances
the ﬁtness of infected females relative to uninfected ones, since it
allows an infected female to reproduce with either uninfected or
infected males, while an uninfected female cannot generate
offspring with an infected male (Turelli and Hoffmann, 1991).
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cies to another, but also depending on which variant of Wolbachia
is involved (Jaenike, 2007). A tangible example of such a situation
is the case of the Wolbachia strains wMel, from Drosophila melano-
gaster, and wAu, from Drosophila simulans. These strains, although
closely related phylogenetically and infecting sibling species, react
in a completely different manner within their respective hosts.
While wMel induces variable levels of CI, wAu usually does not
cause any CI (Merçot and Charlat, 2004).
Considering its ability to increase its own frequency in the host
population, Wolbachia may drive mitochondrial evolution, since
they both share a common inheritance mode (Shoemaker et al.,
2004; Xiao et al., 2012; Ilinsky, 2013). Wolbachia may even pro-
mote reproductive isolation with high bidirectional CI levels be-
tween different Wolbachia strains, as has been demonstrated
between semispecies from the Drosophila paulistorum complex
(Dobzhansky and Spassky, 1959), which belongs to the willistoni
subgroup, in a process called infectious speciation (Miller et al.,
2010).
Thewillistoni subgroup belongs to the Sophophora subgenus and
occurs in the Neotropical region. It is constituted by six cryptic spe-
cies: Drosophila willistoni Sturtevant, 1916, Drosophila equinoxialis
Dobzhansky, 1946, D. paulistorum Dobzhansky and Pavan in Burla
et al., 1949, Drosophila tropicalis Burla and Da Cunha in Burla et al.,
1949, Drosophila insularis Dobzhansky in Dobzhansky et al., 1957
and Drosophila pavlovskiana Kastritsis and Dobzhansky, 1967.
Among these, only D. insularis and D. pavlovskiana are endemic to
the Lesser Antilles and Guyana, respectively. The remaining species
are spread throughout a wide geographic distribution and share an
extensive sympatric area, mainly in the Amazonian region (Spas-
sky et al., 1971; Cordeiro and Winge, 1995; Powell, 1997).
In the past decade, screenings forWolbachia in species from this
subgroup have veriﬁed infected lines from D. willistoni (Miller and
Riegler, 2006), D. tropicalis (Mateos et al., 2006) and D. paulistorum
(Miller et al., 2010). Given the dynamics of the infection shown, for
instance, by the evidence for a global Wolbachia replacement in
D. melanogaster (Riegler et al., 2005), the evaluation of new lines
recently collected becomes important for characterizing new vari-
ants of the endosymbiont and new hosts, and also for the assess-
ment of Drosophila populations from other geographical regions.
The diagnosis of Wolbachia infection is also fundamental before
the implementation of further studies, since this bacterium has
the remarkable capability to mask effects on both the host’s ﬁtness
and phenotype (Clark et al., 2005).
In this paper, we reevaluated the Wolbachia infection status in
species from the D. willistoni subgroup after a wide effort to sample
the ﬂies in nature. The individuals used in the experiments are all
descendents from specimens recently collected in the Amazonian
rainforest, and we applied a double screening approach that used
both PCR and Dot-blot techniques in order to address our question.2. Materials and methods
2.1. Population samples
Drosophila ﬂies were collected in the Amazonian rainforest
(Pará state), Northern Brazil, speciﬁcally at the Tapajós National
Forest, Belterra (247058.87300S/545400.85000W) and also at Taper-
inha Farm, Santarém (226021.96700S/5441055.44600W) in May
2011. A third sampling was held in November at Caxiuanã National
Forest, Melgaço (144028.700S/5127034.600W). Flies were captured
using insect entomological net and plastic bottle traps (Tidon and
Sene, 1988) containing banana and yeast bait.
Specimens were analyzed at the lab with a stereoscope, and fe-
males belonging to the willistoni subgroup were separated anddisposed in medium with cornﬂour and yeast (Marques et al.,
1966) in order to establish isofemale lines. These lines were coded
and maintained in Biochemical Oxygen Demand (B.O.D.) chambers
at 22 C and a 12/12-h photoperiod, while the medium was re-
placed weekly.
In order to compare which strains of Wolbachia were infecting
the ﬂies, we also used D. willistoni samples collected in the Atlantic
Forest (used in a previous study fromMüller et al., 2012), and sam-
ples collected in the Pampa biome, Bagé (Rio Grande do Sul state),
Southern Brazil (3116010.82900S/547023.02500W).
2.2. Drosophila identiﬁcation at the species level
Fly species were identiﬁed through COI (Cytochrome Oxydase
subunit I, barcode region) gene sequence analysis, in a haplotype
network context based on the proximity with reference haplotypes
from each species (data not shown, being prepared for publica-
tion). We reconﬁrmed Drosophila species identiﬁcation with analy-
sis of male terminalia in those lines that had their respective
Wolbachia strain molecularly characterized. For this, the male pos-
tabdomen was removed, treated with 10% KOH and acid fuchsine
(Bächli et al., 2004) and the terminalia was disarticulated in glyc-
erol. The species were discriminated by the shape of the hypandri-
um and epandrium, compared with Malogolowkin (1952) and
Spassky (1957).
2.3. DNA extraction
Single female ﬂy total DNA was extracted by the column meth-
od with a NucleoSpin Tissue Kit (Macherey-Nagel, Düren, Ger-
many) according to the manufacturer’s instructions. Furthermore,
in order to obtain higher DNA concentrations to use in the Dot-blot
assays, we performed total DNA extraction from 10 females per
isofemale line, using the phenol-chloroform organic method (Sassi
et al., 2005).
2.4. PCR and sequencing
All PCR reactions were run in a 25 ll volume using 1–2 ll of
DNA with a 12.5 ll PCR Master Mix 2X (Fermentas, Lithuania)
(0.05 U/ll Taq DNA polymerase, 10X buffer, 4 mM MgCl2, 0.4 mM
of each dNTP), 1 ll of each primer (20 lM each) and ultrapure
water up to the ﬁnal volume. Primers TY-J-1460 50-TAC-
AATCTATCGCCTAAACTTCAGCC-30 and C1-N-2329 50- ACT-
GTAAATATATGATGAGCTCA-30 (Simon et al., 1994) were used to
amplify an approximately 0.95-kb fragment of the mitochondrial
gene Cytochrome Oxidase subunit I (COI). Temperature cycles were:
5 min at 95 C, then 35 cycles of 94 C for 40 s, 55 C for 40 s and
72 C for 1 min, then 72 C for 3 min.
PCR diagnosis for Wolbachia infection was conducted using the
primers Wsp-F 50-TGGTCCAATAAGTGATGAAGAAACTAGCTA-30 and
Wsp-R 50- AAAAATTAAACGCTACTCCAGCTTCTGCAC-30 (Jeyaprak-
ash and Hoy, 2000), which amplify an approximately 0.6-kb frag-
ment from the Wolbachia Surface Protein (wsp) gene. Cycling
conditions were 95 C for 2 min, followed by 35 cycles of 94 C
for 1 min, 55 C for 1 min and 72 C for 1 min, then 72 C for
5 min. A negative (ultrapure water) and a positive control (D. willi-
stoni Gd-H4, Guadeloupe – Lesser Antilles, 12 Genomes Consor-
tium, Clark et al., 2007) were included in all reactions. This PCR
was independently performed at least twice for each isofemale
line, the ﬁrst attempt using one single female DNA sample (‘‘one-
female reaction’’, approximately 30–60 ng of DNA per reaction),
and the second assay with DNA extracted from 10 females (‘‘ten-
female reaction’’, approximately 250–500 ng of DNA per reaction).
In addition to wsp gene sequence analysis, Wolbachia strains
were distinguished based on the amplicon size derived from the
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Repeats (VNTR-141). This region was ampliﬁed with the primers
Wob-F 50-GGAGTATTATTGATATGCG-30 and Wob-R 50-GAC-
TAAAGGTTAGTTGCAT-30 (Riegler et al., 2005), according to the fol-
lowing cycling conditions: initiation at 94 C for 2 min, followed by
35 cycles at 94 C for 30 s, 55 C for 30 s, 72 C for 1 min, and then
ﬁnally 72 C for 4 min. Considering that this is a repetitive genome
region that has the advantage to provide easy Wolbachia strain
identiﬁcation by simply checking thePCR product size, we included
known amplicon size positive controls in each experiment: the
wWil strain from D. willistoni Gd-H4 (370-bp fragment) and wMel
from D. melanogaster Oregon (1.330 pb) (Riegler et al., 2012).
PCR results were veriﬁed through electrophoresis of the ampli-
cons on 1% agarose gels stained with ethidium bromide and visu-
alized under UV transillumination. PCR products (10 ll) were
puriﬁed by adding 0.5 ll (1 U/ll) Shrimp Alkaline Phosphatase
(Promega AG, Wallisellen, Switzerland) and 0.5 ll (20 U/ll) Exonu-
clease I (New England Biolabs, Allschwil, Switzerland). This mix
was incubated at 37 C for 45 min, followed by a 10 min inactiva-
tion step at 80 C. Amplicons from all markers were submitted to
direct sequencing at Macrogen (Macrogen Inc., Seoul, Korea), and
each sample was sequenced in both directions.
2.5. Sequence analysis
Chromatogram quality was evaluated using Chromas Pro 1.5
(http://www.technelysium.com.au). Sequence similarity was ob-
tained by comparison of similarity values to the sequences depos-
ited at the GenBank using BLASTn (NCBI, available online).
Sequence alignment was held with ClustalW implemented into
Mega 5 (Tamura et al., 2011), with later edition in BioEdit 5.0.9
(Hall, 1999). Consensus sequence was generated based on the
alignment of two independent sequences. Phylogenetic recon-
struction was developed by the unweighted-pair group method
with arithmetic mean analyses (UPGMA), based on the alignment
of multiple wsp sequences using the p-distance function, also in
the Mega 5 program (Tamura et al., 2011).
2.6. Dot-blot hybridization
Denatured DNA samples (1 lg) were transferred onto a nylon
membrane (Hybond-N+; GE Healthcare Biosciences, Pittsburgh,
PA, USA). AlkPhos Direct Labelling & Detection System and the
CDP-Star Kit (GE Healthcare) were used to label and detect nucleic
acids according to the manufacturer’s instructions. A PCR-derived
wsp fragment from D. willistoni was used as probe. We used as po-
sitive controls laboratory isofemale lines from D. melanogaster
(Oregon line – USA), D. willistoni (Gd-H4), D. paulistorum Amazo-
nian semispecies (Belém – Brazil) and D. tropicalis (0801 line –
San Salvador – El Salvador). To ensure Wolbachia-free negative
controls, we used DNA samples from a plant (rice, Oryza sativa
kindly provided by Dr. Carolina Werner Ribeiro) and from verte-
brates (rodent, Oxymycterus nasutus, and bird, Tringa sp.).
2.7. Real-time PCR
Samples of DNA from isofemale lines of different Drosophila
species were submitted to a relative quantiﬁcation of the wsp gene
by quantitative real-time PCR (qPCR) using a StepOne Plus (Life
Technologies) Real-Time PCR System. The qPCR conditions were:
95 C for 5 min followed by 40 cycles at 95 C for 15 s and 60 C
for 60 s to measure ﬂuorescence. After, samples were heated from
60 to 95 C at a 0.3 C/s temperature gradient to construct the
denaturing curve of the ampliﬁed products. In order to speciﬁcally
amplify a portion of the wsp gene, we designed with the Primer3
software (Rozen and Skaletsky, 2000) and used the followingprimers: WSPq-F325 (50-GGTGCARCGTATATTAGCACTCC-30) and
WSPq-R470 (50-GAACCGAAATAACGAGCTCCAG-30). We employed
two control genes, Glycerol 3 phosphate dehydrogenase (Gpdh) for
D. melanogaster (Canton S) samples, and Tubulin for ﬂies belonging
to the willistoni subgroup. Gpdh was ampliﬁed using the following
primers: GPDH 40 (50-GAGGTGGCTGAGGGCAACTT-30) and GPDH
155 (50-AACCTCCACGGCATCAGCAT-30) (Deprá et al., 2009), and
the Tubulin gene was ampliﬁed using TubulinSenseRT (5’-
CGACGAACAGATGCTCAACA-30) and TubulinAntiRT (50-
GCCAATGAATGTGGCAGAC-30) (Golombieski, 2007).
All samples were analyzed in quadruplicates, and relative quan-
tiﬁcations of ampliﬁed products were made by the 2DDCt method
(Livak and Schmittgen, 2001) using Ct values obtained with the
StepOne v2.3 software. SYBR-green (Invitrogen) was used to detect
ampliﬁcation and estimate Ct values and to determine speciﬁcity
of amplicons by denaturing curves and melting temperatures
(Tm). Gpdh and Tubulin were used as internal control genes for
the relative expression calculations for D. melanogaster and willi-
stoni subgroup samples, respectively. We also employed the Can-
ton S line from D. melanogaster as the ‘‘basal infection’’ reference
sample (Ventura et al., 2012).2.8. Statistical analysis
Signiﬁcance in Wolbachia-infection titer between Drosophila
isofemale lines was estimated by calculating p values from un-
paired t-tests using Systat 12 software. Statistically signiﬁcant dif-
ferences were assumed when p < 0.05.3. Results and discussion
3.1. Drosophila ID and Wolbachia double screening
We analyzed a total of 91 isofemale lines from the willistoni
subgroup. They all had their COI fragment ampliﬁed through PCR,
attesting the quality of the DNA used in all PCR reactions. Based
on the 671 base pairs of COI, 45 isofemale lines were identiﬁed
as D. equinoxialis, 25 as D. willistoni, 18 as D. paulistorum and 3 as
D. tropicalis, corroborating the sympatry of these species in the
Northern Region of Brazil.
In the Dot-blot screening (Fig. 1), all samples showed a positive
signal for Wolbachia, although with different signal intensities.
However, 76% (69/91) of the samples failed in thewsp-PCRdiagnosis
(data not shown). In general, sampleswith strong signals in the Dot-
blotwere positive in thewsp-PCRusingDNA extracted fromone sin-
gle female, while samples withmedium-to-low intensity were neg-
ative, though someof the latter ampliﬁed in a second reaction,when
the DNA concentration was increased. While this increment in DNA
concentrationmayhave helped these samples to amplify,we cannot
insure it did not inhibit the reaction in the others.
Bourtzis et al. (1996) developed a double screening using both
PCR and Dot-blot with DNA from 41 Drosophila stocks from 30 dif-
ferent species using a 480-bp dnaA fragment as a probe; they ob-
tained around 6% of the positive samples in the PCR to be
negative in the Dot-blot, but no sample negative in the PCR was po-
sitive in the Dot-blot. On the other hand, our results with samples
from the willistoni subgroup showed higher sensitivity with the
Dot-blot and lower sensitivity with the PCR. This can be due to
the use of a bigger fragment as a probe, the higher quantity of total
DNA applied to the membrane and/or the lower infection rate in
some lines tested.
Nevertheless, PCR ampliﬁcation issues with Wolbachia molecu-
lar markers have already been reported (Augustinos et al., 2011)
and can be caused by either low-titer or multiple infections (Artho-
fer et al., 2009, 2011).
Fig. 1. Dot-blot assay autoradiogram to determine Wolbachia presence or absence. Iconographies under each dot specify DNA origin and also indicate which samples
ampliﬁed in the wsp-PCR diagnosis.
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the Dot-blot, we selected representative samples and performed
a quantitative PCR experiment. Furthermore, we were able to ver-
ify compatible patterns in the qPCR results, that is, samples with
stronger signals in the Dot-blot showed the higher relative quanti-
ﬁcation in the qPCR, while samples with weak Dot-blot signals pre-
sented lower relative quantiﬁcation (Figs. 1 and 3).
We summarize below the results and discuss their implications
for each species.3.2. Wolbachia in D. willistoni
Among isofemale lines from the same species, D. willistoni was
the one whose samples showed the largest signal intensity differ-
ences in the Dot-blot. All samples with a strong signal ampliﬁed
wsp, both in the one and ten-female PCR reactions. On the other
hand, those with a weak signal did not amplify in any reaction, ex-
cept for the sample (10D). This suggests a remarkable difference
concerningWolbachia density among isofemale lines tested, which
was further conﬁrmed by the qPCR results. Samples with strong
Dot-blot signal and respective high relative quantiﬁcation showed
a minimum of around 9 million-fold (sample 3A) and a maximum
of 50 million-fold (sample 5A) more Wolbachia infection than the
reference sample. Comparatively, samples with weak Dot-blot sig-
nal presented a minimum of 31-fold (sample 1A) and a maximumof approximately 2,000-fold (sample 6A) more infection than the
Canton S line (Fig. 3A).
In our previous work with D. willistoni (Müller et al., 2012), we
found 55% of the individuals to be positive in the wsp-PCR diagno-
sis. With this new approach aggregating the Dot-blot and the qPCR,
it was demonstrated that all isofemale lines tested were indeed in-
fected. We have also observed a pattern in which samples with a
weak signal in the Dot-blot usually do not amplify in the wsp-
PCR, generating false negatives. These facts may have led to an
underestimation of the prevalence of infection by Wolbachia in D.
willistoni when using standard PCR as the only diagnosis method.
All D. willistoni isofemale lines that ampliﬁed in the wsp-PCR
were tested with the VNTR-141 marker and ampliﬁed a frag-
ment of the same size, corresponding to the wWil strain, from
the south (Pampa Biome and Atlantic Forest) to the north of Bra-
zil (Amazonian Rainforest) (Fig. 2). Therefore, these results point
to an infection status with continental magnitude by a wWil var-
iant in this species (Fig. 2). Moreover, it was not possible to
determine which Wolbachia strain is infecting D. willistoni isofe-
male lines in low-titer.3.3. Wolbachia in D. tropicalis
Including the laboratory line (0801) used as the positive control,
we tested four D. tropicalis isofemale lines. Two of them generated
Fig. 3. Relative quantiﬁcation of Wolbachia infection in isofemale lines from
Drosophila willistoni (A), D. equinoxialis (B) and D. paulistorum (C) compared to the
reference D. melanogaster line, Canton S, estimated through quantitative PCR. The
relative quantiﬁcations of the samples presented in the X axis are compatible with
their respective hybridization signal intensities in the Dot-blot (Fig. 1).
Fig. 2. PCR-ampliﬁcation of the VNTR-141 minisatellite marker in DNA samples
from ﬂies collected in the Amazonian rainforest (A), Pampa biome (B) and Atlantic
forest (C). C-: negative control. wWil (387 bp), wMel (1.330 bp) and wAu (530 bp)
represent the size positive controls, ampliﬁed from D. willistoni GdH4, D. melano-
gaster Oregon and D. tropicalis 0801, respectively. Collection Sites: Tapajós National
Forest (samples 1-7); Bagé/RS (8–16); Pontal do Paraná/PR (17); Osório/RS (18);
Laguna/SC (19) and Maracajá/SC (20–21).
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blot. Again, only samples with a strong signal were positive in the
wsp-PCR and have also ampliﬁed the minisatellite VNTR-141. The
amplicons from the latter marker presented the corresponding size
of thewAu line from D. simulans, and this identiﬁcation was further
reconﬁrmed through VNTR-141 sequence analysis.
Wolbachia was previously detected in two isofemale lines from
this species through PCR using 16S and wsp markers, which led to
the proposition that it would be the wWil strain infecting (Mateos
et al., 2006). However, these markers are not good enough to cor-
rectly distinguish wWil from wAu, although they can be discrimi-
nated through analysis of the size fragment obtained from VNTR-
141 ampliﬁcation.
3.4. Wolbachia in D. equinoxialis
For the ﬁrst time, D. equinoxialis was detected to harbor Wolba-
chia. Previous screenings in lines from this species did not detect
the bacterium (Mateos et al., 2006). This may have occurred due
to the use of uninfected lines, or it may also be the case of false
negatives due to Wolbachia low-titer, since the 45 samples evalu-
ated in our survey showed a weak intensity signal in the Dot-blot,
and none of them ampliﬁed in the one-female wsp-PCR reaction.
Moreover, in the real time PCR experiment, D. equinoxialis samples
showed a relatively low Wolbachia quantiﬁcation pattern, rangingfrom 1.48-fold (sample 7D) to 92-fold (5E) more Wolbachia than
Canton S, without such marked difference in the infection levels
as we have seen in D. willistoni (Fig. 3B).
Seven samples ampliﬁed the wsp fragment in the ten-female
wsp-PCR reaction. From these, it was possible to perform direct
sequencing of three amplicons, which sequences had 100% similar-
ity with the sequence deposited as wMel line from D. melanogaster.
None of the samples ampliﬁed the minisatellite marker VNTR-
141, which could specify the strain infecting those ﬂies. Therefore,
as the infection in D. melanogaster can be distinguished in ﬁve dif-
ferent variants of Wolbachia (Riegler et al., 2005), we will refer to
this variant found in D. equinoxialis as a wMel-like.3.5. Wolbachia in D. paulistorum
All samples of D. paulistorum exhibited weak signal intensity in
the Dot-blot, and reﬂected similar relative quantiﬁcation results in
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Wolbachia than Canton S reference line (Fig. 3C). Only two samples
out of 18 ampliﬁed wsp in the second reaction (9F and the control
7G). From these, only the sequence of the laboratory line from the
Amazonian semispecies (Belém – Brazil) showed a good quality in
the chromatogram. However, the sequence obtained is different
from the one previously deposited as the speciﬁc Wolbachia from
this semispecies, a wRi-like (Miller et al, 2010), although it reveals
100% maximum identity with the wMel sequence.
Apart from those samples, it was possible to amplify wsp from a
D. paulistorum Andean-Brazilian (AB) semispecies laboratory line,
showing 100% maximum identity with thewsp sequence deposited
for D. paulistorum Orinocan semispecies.
The non-ampliﬁcation in a standard PCR is expected to 5 out of
the 6 D. paulistorum semispecies, Amazonian included, since they
were reported to be infected with low-titer Wolbachia (Miller
et al, 2010). Therefore, the low density of the endoparasite can
result in false negatives in the wsp-PCR.Fig. 4. Similarity cladogram built by the UPGMA method based on the wsp seque3.6. Wolbachia in D. insularis
The D. insularis SL3 laboratory line was only submitted to the
qPCR experiment, showing approximately 167-fold more Wolba-
chia infection than the reference line, Canton S (Fig. 3A). This
stands as the ﬁrst registration of Wolbachia in hosts belonging to
this species, although the characterization of this particularWolba-
chia strain was not possible due to its low infection level.
3.7. Wolbachia low-titer in the willistoni subgroup
All ﬁve species from the willistoni subgroup analyzed in this pa-
per had isofemale lines presenting low-titer Wolbachia. Low infec-
tion levels had been previously reported only in D. paulistorum
(Miller et al., 2010). It is clear now that this low infection level
may have been responsible for the lack of Wolbachia detection in
D. equinoxialis in previous screenings that only used conventional
PCR (Mateos et al., 2006; Miller and Riegler, 2006). All isofemalence alignment. Host species from the willistoni subgroup are written in bold.
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only low-titerWolbachia, unlike D. willistoni and D. tropicalis, which
showed isofemale lines with both high and low infection levels. In
the case of D. willistoni, the two patterns of infection veriﬁed
through hybridization (Fig. 1) were shown to be statistically differ-
ent (p = 0.000) in the qPCR analysis (Fig. 3).
3.8. Wolbachia acquisitions between Drosophila species from the Old
World and the willistoni subgroup
The strains wWil, wAu and wMel are all phylogenetically re-
lated (Miller and Riegler, 2006). However, the acquisition of these
Wolbachia strains in D. willistoni, D. tropicalis, D. equinoxialis and
D. paulistorum Amazonian semispecies analyzed in this study is
more likely consistent with horizontal transmission events.
Based on the wsp phylogeny, Miller and Riegler (2006) have
proposed the hypothesis that wAu-like variants evolved in Neo-
tropical species from the saltans group, and those would be the po-
tential donors for the horizontal transmission to D. willistoni,
ultimately resulting in the wWil variant. D. willistoni would have
been the likely donor to the Old World immigrant species D. simu-
lans, based on the geographic distribution overlap of these species
and in their wsp and ftsZ genes sequence identity. Therefore, wWil
would be the ancestor of wAu infection in D. simulans.
We partially reproduced the phylogeny of the aforementioned
study, yet with the addition of new sequences (Fig. 4; for GenBank
accession numbers see Supplementary Material). With the detec-
tion of wAu in D. tropicalis, this species becomes a better candidate
than D. willistoni as a donor of the infection to D. simulans. As well
as D. willistoni, D. tropicalis populations also occur in sympatry with
D. simulans populations in a wide geographic distribution, from the
north of South America to Central America.
Wolbachia strains wWil from D. willistoni and wAu from
D. simulans share the same wsp sequence (Fig. 4), but exhibit
dissonant information in their respective minisatellite (VNTR-
141). Furthermore, wWil is considered as a recent infection in D.
willistoni. In this context, both D. tropicalis and D. simulans emerge
as potential Wolbachia donors to D. willistoni. Therefore, not only
wAu-like variants display a Neotropical origin, but the very wAu
infection, primarily characterized in D. simulans, in fact probably
emerged in the willistoni subgroup, and may be the ancestor of
the wWil infection in D. willistoni, where the minisatellite marker
suffered nucleotide deletions.
In the case of the wMel-like variant found both in D. equinoxialis
and D. paulistorum Amazonian, the donor species could have been
either D. simulans, where wMel was also reported (Mateos et al.,
2006), or D. melanogaster (Fig. 3B). These species from the melano-
gaster subgroup invaded the American continent within the last
few hundred years (Irvin et al., 1998; Keller, 2007), yet D. simulans
entered later than D. melanogaster, although there may have been
more than one introduction event (Hamblin and Veuille, 1999).
From the ecological point of view, it is more likely that the donor
species is D. simulans, since D. melanogaster is a domestic species
that usually does not invade natural environments (Keller, 2007).
On the other hand, D. simulans has a less close connection with hu-
mans and it is not so restricted to urban environments, in fact
being very frequent from savanna to forestry environments with
a mild to high level of anthropic action (Sene et al., 1980; Ferreira
and Tidon, 2005). More generalist Neotropical species, such as
from the willistoni group, coexist not only geographically, but also
in the same environments, often even sharing oviposition sites
(Valente and Araújo, 1986; Valiati and Valente, 1996), synchro-
nously and syntopically. Parasite mites live associated to drosoph-
ilid communities, and they might work as horizontal transmission
vectors, as already demonstrated in the laboratory (Huigens et al.,
2004; Rozhok et al., 2011). Therefore, considering that the horizon-tal transmission requires at least one contact form between the do-
nor and the receiver, or even through a vector, Wolbachia
transmission from D. simulans to D. equinoxialis and D. paulistorum
Amazonian is a quite plausible situation. However, even though it
is less likely ecologically, we cannot discard D. melanogaster as the
infection donor, since populations from this species present a high
prevalence of the wMel variant (Nunes et al., 2008). In either case,
the possible mechanisms of horizontal transmission remain to be
further investigated.
An independent evidence of horizontal transmission involving
Old World drosophilids and a Neotropical species comes from the
characterization of the ﬁrst Wolbachia infection in a D. paulistorum
Amazonian line (Miller et al., 2010). The wsp sequence from this
infection has 100% similarity with the wRi sequence from D. simu-
lans (Fig. 4), suggesting the same transmission ﬂow, that is, from
D. simulans to a Neotropical species.4. Conclusions
Our results suggest that there are differences in the infection
levels of Wolbachia among species from the willistoni subgroup of
Drosophila, both inter and intraspeciﬁc. The Dot-blot technique
was more suitable for Wolbachia presence/absence detection than
standard PCR, since ampliﬁcation through standard PCR frequently
failed in the case of low-titer Wolbachia, generating false-negative
diagnosis. Anyway, we were able to recover our Dot-blot results
using the highly sensitive method of real-time PCR, conﬁrming
the difference in infection levels found among isofemale lines.
Aside from the qPCR, the low-titer issue could also be circum-
vented by the PCR-blot approach, a technique that combines
non-quantitative PCR and hybridization (Arthofer et al., 2009),
and allows the tracing and further strain characterization of low-ti-
ter Wolbachia.
The Wolbachia variant wWil is present in D. willistoni popula-
tions from the south or the north of Brazil, showing an infection
of continental proportions. The intraspeciﬁc differences in the lev-
els of infection remain to be investigated.
D. tropicalis is the more likely donor of the wAu infection to D.
simulans. ThisWolbachia variant probably has its origin in the willi-
stoni subgroup and possibly is the direct ancestor of the wWil var-
iant from D. willistoni, which evolved shortening the size of its
VNTR-141. However, we cannot suggest the donor species of the
infection to D. willistoni, since it could have been both D. tropicalis
and D. simulans.
Two species, D. equinoxialis and D. paulistorum Amazonian, both
present a wMel-like variant infection, suggesting horizontal trans-
mission coming from the Old World invasive species D. melanogas-
ter or D. simulans, the latter being more plausible from the
ecological point of view. Additional screenings in natural popula-
tions from these two cosmopolitan species in South and Central
America could provide information that may elucidate the donor
species of the infection to species from the willistoni subgroup.Acknowledgments
We thank Dr. Marlúcia B. Martins (Museu Paraense Emílio Goe-
ldi – MPEG) for the authorization to collect ﬂies at the Tapajós Na-
tional Forest; Dr. Juliana Cordeiro for the help screening the
biological material and accommodation in Belém – PA; toMSc. Yuk-
ari Okada (UFOPA), Mr. Aderbal Maia de Queiróz and Mr. Louro
Lima (Experimento de Grande Escala – Atmosfera na Amazônia/
LBA) for the kind reception and logistic help in the ﬁeld. We thank
Mr. Artemio Guimarães Rego and Ms. Graziela Bentes Rego for the
authorization to collect ﬂies and lodging at the historical Taperinha
Farm, Santarém – PA. We thank Dr. Claudia Rohde for the samples
M.J. Müller et al. / Infection, Genetics and Evolution 19 (2013) 232–239 239collected at the Caxiuanã National Forest, Melgaço – PA, to Dr. Jef-
frey R. Powell for kindly providing the SL3 line of D. insularis, and
Dr. Louis Bernard Klackzo for the D. melanogaster Canton S line.
The authors are also grateful to the biologist Felipe Benites for his
helpful suggestions, the biologist Carine von Mühlen for technical
support, the graduate student Mariana Mello for the assistance
maintaining the isofemales lines, Mr. Matheus Guimarães da Silva
for all the help with the ﬁgures and Dr. Carolina Werner Ribeiro
for the help with the qPCR results analyses. This study was funded
by fellowships and grants from the Conselho Nacional de Desen-
volvimento Cientíﬁco e Tecnológico/CNPq, CNPq (process 480306/
2012-5), Coordenação de Aperfeiçoamento de Pessoal de Nível
Superior/CAPES, PRONEX-FAPERGS (10/0028-7), FINEP (007/2010)
and Universidade do Vale do Rio dos Sinos/UNISINOS.
Appendix A. Supplementary data
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.meegid.2013.
07.022. These data include Google maps of the most important
areas described in this article.
References
Arthofer, W., Riegler, M., Schneider, D., Krammer, M., Miller, W., Stauffer, C., 2009.
HiddenWolbachia diversity in ﬁeld populations of the European cherry fruit ﬂy,
Rhagoletis cerasi (Diptera, Tephritidae). Mol. Ecol. 18, 3816–3830.
Arthofer, W., Riegler, M., Schuler, H., Schneider, D., Moder, K., 2011. Allele
intersection analysis: a novel tool for multi locus sequence assignment in
multiply infected hosts. PLoS One 6, 9.
Augustinos, A.A., Santos-Garcia, D., Dionyssopoulou, E., Moreira, M.,
Papapanagiotou, A., 2011. Detection and characterization of Wolbachia
infections in natural populations of aphids: is the hidden diversity fully
unraveled? PLoS ONE 6, 12.
Bächli, G., Vilela, C.R., Escher, A.S., Saura, A., 2004. The Drosophilidae (Diptera) of
Fennoscandia and Denmark. Fauna Entomol. Scand. 39, 1–362.
Bourtzis, K., Nirgianaki, A., Markakis, G., Savakis, C., 1996. Wolbachia infection and
cytoplasmic incompatibility in Drosophila species. Genetics 144, 1063–1073.
Clark, M.E., 2007. Wolbachia symbiosis in arthropods. Issues Infect Dis. Basel Karger
5, 90–123.
Clark, M.E., Anderson, C.L., Cande, J., Karr, T.L., 2005. Widespread prevalence of
Wolbachia in laboratory stocks and the implications for Drosophila research.
Genetics 170, 1667–1675.
Cordeiro, A.R., Winge, H., 1995. Levels of evolutionary divergence of Drosophila
willistoni sibling species. In: Levine, L. (Ed.), Genetics of Natural Populations –
The Continuing Importance of Theodosius Dobzhansky. Columbia University
Press, New York, pp. 262–280.
Deprá, M., Valente, V.L.S., Margis, R., Loreto, E.L.S., 2009. The hobo transposon and
hobo-related elements are expressed as developmental genes in Drosophila.
Gene 448, 57–63.
Dobzhansky, T., Spassky, B., 1959. Drosophila paulistorum, a cluster of species in
statu nascendi. Proc. Natl. Acad. Sci. 45, 419–428.
Ferreira, L.B., Tidon, R., 2005. Colonizing potential of Drosophilidae (Insecta,
Diptera) in environments with different grades of urbanization. Biodiversity
Conservation 14, 1809–1821.
Golombieski, R. M., 2007. Expressão de hsp70 e hsp83 no desenvolvimento de
Drosophila em resposta ao estresse químico causado por disseleneto de difenila
e paraquat 2007. Doutorado. Universidade Federal do Rio Grande do Sul.
Instituto de Biociências. Programa de Pós-Graduação em Genética e Biologia
Molecular.
Gray, M.W., Burger, G., Lang, B.F., 2001. The origin and earlyevolution of
mitochondria. Genome Biol 2, 1018.1–1018.5.
Hall, T.A., 1999. BioEdit: a user-friendly biological sequences alignment editor and
analysis program for Windows 95/98/NT. Nucl. Acids Symp. Ser. 41, 95–98.
Hamblin, M.T., Veuille, M., 1999. Population structure among African and derived
populations of Drosophila simulans: evidence for ancient subdivision and recent
admixture. Genetics 153, 305–317.
Hilgenboecker, K., Hammerstein, P., Schlattmann, P., Telschow, A., Werren, J.H.,
2008. How many species are infected with Wolbachia? – a statistical analysis of
current data. FEMS Microbiol. Lett. 281, 215–220.
Huigens, M.E., De Almeida, R.P., Boons, P.A.H., Luck, R.F., Stouthamer, R., 2004.
Natural interspeciﬁc and intraspeciﬁc horizontal transfer of parthenogenesis-
inducing Wolbachia in Trichogramma wasps. Proc. Biol. Sci. 271, 509–515.
Ilinsky, Y., 2013. Coevolution of Drosophila melanogaster mtDNA and Wolbachia
Genotypes. PLoS ONE 8, 1.
Irvin, S.D., Wetterstrand, K.A., Hutter, C.M., Aquadro, C.F., 1998. Genetic variation
and differentiation at microsatellite loci in Drosophila simulans. Evidence for
founder effects in new world populations. Genetics 150, 777–790.Jaenike, J., 2007. Spontaneous emergence of a new Wolbachia phenotype. Evol.: Int.
J. Org. Evol. 61, 2244–2252.
Jeyaprakash, A., Hoy, M.A., 2000. Long PCR improves Wolbachia DNA ampliﬁcation:
wsp sequences found in 76% of sixty-three arthropod species. Insect Mol. Biol. 9,
393–405.
Keller, A., 2007. Drosophila melanogaster’s history as a human commensal. Curr. Biol.
17, 77–81.
Livak, K.J., Schmittgen, T.D., 2001. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(Delta Delta C(T)). Methods 25, 402–408.
Malogolowkin, C., 1952. Sôbre a genitália dos ‘‘Drosophilidae’’ (Diptera). III. Grupo
willistoni do gênero Drosophila. Rev. Bras. Biol. 12, 79–96.
Marques, E.K., Napp, M., Winge, H., Cordeiro, A.R., 1966. A corn meal, soybean ﬂour,
wheat germ medium for Drosophila. Drosophila Inf. Serv. 41, 187.
Mateos, M., Castrezana, S.J., Nankivell, B.J., Estes, A.M., Markow, T.A., Moran, N.A.,
2006. Heritable endosymbionts of Drosophila. Genetics 174, 363–376.
Merçot, H., Charlat, S., 2004. Wolbachia infections in Drosophila melanogaster and D.
simulans: polymorphism and levels of cytoplasmic incompatibility. Genetica
120, 51–59.
Miller, W.J., Riegler, M., 2006. Evolutionary dynamics of wAu-like Wolbachia
variants in neotropical Drosophila spp.. Appl. Environ. Microbiol. 72, 826–835.
Miller, W.J., Ehrman, L., Schneider, D., 2010. Infectious speciation revisited: impact
of symbiont-depletion on female ﬁtness and mating behavior of Drosophila
paulistorum. PLoS Pathog. 6, 17.
Müller, M.J., Von Mühlen, C., Valiati, V.H., Valente, V.L.S., 2012.Wolbachia pipientis is
associated with different mitochondrial haplotypes in natural populations of
Drosophila willistoni. J. Invert. Pathol. 109, 152–155.
Nunes, M.D.S., Nolte, V., Schlötterer, C., 2008. Nonrandom Wolbachia infection
status of Drosophila melanogaster strains with different mtDNA haplotypes. Mol.
Biol. Evol. 25, 2493–2498.
Powell, J.R., 1997. Progress and Prospects in Evolutionary Biology: The Drosophila
Model. Oxford University Press, Oxford.
Riegler, M., Sidhu, M., Miller, W.J., O’Neill, S.L., 2005. Evidence for a globalWolbachia
replacement in Drosophila melanogaster. Curr. Biol. 15, 1428–1433.
Riegler, M., Iturbe-Ormaetxe, I., Woolﬁt, M., Miller, W.J., O’Neill, S.L., 2012. Tandem
repeat markers as novel diagnostic tools for high resolution ﬁngerprinting of
Wolbachia. BMC Microbiol. 12, S12.
Rozen, S., Skaletsky, H.J., 2000. Primer3 on the WWW for general users and for
biologist programmers. In: Krawetz, S., Misener, S. (Eds.), Bioinformatics
Methods and Protocols: Methods in Molecular Biology. Humana Press,
Totowa, NJ, pp. 365–386.
Rozhok, A., Bilousov, O., Kolodochka, L., Zabludovska, S., Kozeretska, I., 2011.
Horizontal transmission of intracellular endosymbiotic bacteria: a case
between mites and fruit ﬂies and its evolutionary implications. Drosophila Inf.
Serv. 94, 74–79.
Sagan, L., 1967. On the origin of mitosing cells. J. Theor. Biol. 14, 255–274.
Sassi, A.K., Herédia, F., Loreto, E.L., Valente, V.L.S., Rohde, C., 2005. Transposable
elements P and gypsy in natural populations of Drosophila willistoni. Genet. Mol.
Biol. 28, 734–739.
Sene, F.M., Val, F.C., Vilela, C.R., Pereira, M.A.Q.R., 1980. Preliminary data on the
geographical distribution of Drosophila species within morphoclimatic domains
of Brazil. Papéis Avulsos de Zoologia 33, 315–326.
Shoemaker, D.D., Dyer, K.A., Ahrens, M., McAbee, K., Jaenike, J., 2004. Decreased
diversity but increased substitution rate in host mtDNA as a consequence of
Wolbachia endosymbiont infection. Genetics 168, 2049–2058.
Simon, C., Frati, F., Beckenbach, A., Crespi, B., Liu, H., Flook, P., 1994. Evolution,
weighting and phylogenetic utility of mitochondrial gene sequences and a
compilation of conserved polymerase chain reaction primers. Ann. Entomol.
Soc. Am. 87, 651–701.
Spassky, B., 1957. Morphological differences between sibling species of Drosophila.
Genetics of Drosophila 5721, 48–61.
Spassky, B., Richmond, R.C., Pérez-Salas, S., Pavlovsky, O., Mourão, C.A., Hunter, A.S.,
Hoenigsberg, H., Dobzhansky, T., Ayala, F.J., 1971. Geography of the sibling
species related to Drosophila willistoni, and of the semispecies of the Drosophila
paulistorum complex. Evolution 25, 129–143.
Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei, M., Kumar, S., 2011. MEGA5:
Molecular evolutionary genetics analysis using maximum likelihood,
evolutionary distance, and maximum parsimony methods. Mol. Biol. Evol. 28,
2731–2739.
Tidon, R., Sene, F.M., 1988. A trap that retains and keeps Drosophila alive. Drosophila
Inf. Serv. 67, 90.
Turelli, M., Hoffmann, A.A., 1991. Rapid spread of an inherited incompatibility factor
in California Drosophila. Nature 353, 440–442.
Valente, V.L.S., Araújo, A.M., 1986. Comments on breeding sites of Drosophila
willistoni Sturtevant (Diptera, Drosophilidae). Rev. Bras. Entomol. 30, 281–286.
Valiati, V.H., Valente, V.L.S., 1996. Observations on ecological parameters of urban
populations of Drosophila paulistorum Dobzhansky & Pavan (Diptera,
Drosophilidae). Rev. Bras. Entomol. 40, 225–231.
Ventura, I.M., Martins, A.B., Lyra, M.L., Andrade, C.A.C., Carvalho, K.A., Klaczko, L.B.,
2012. Spiroplasma in Drosophila melanogaster populations: prevalence, male-
killing, molecular identiﬁcation, and no association with Wolbachia. Microb.
Ecol. 64, 794–801.
Xiao, J., Wang, N., Murphy, R., Cook, J., Jia, L., Huang, D., 2012. Wolbachia infection
and dramatic intraspeciﬁc mitochondrial DNA divergence in a ﬁg wasp.
Evolution: Int. J. Organic Evol. 66, 1907–1916.
